of Escherichia coli strains for chick embryos. J. Bacteriol. 91:1410-1417. 1966.-Fifty-three strains of Escherichia coli, freshly isolated from patients at Children's Hospital, Washington, D.C., were tested for virulence for 13-day chick embryos by allantoic inoculation of serial dilutions of viable cell suspensions. No clear-cut relationship could be demonstrated between inoculum size and response (death of the embryos) which would permit comparisons of virulence based on LD5o determinations. However, the strains were classified into three groups according to the proportion of embryos which succumbed, regardless of inoculum size. There was no association between enteropathogenicity and embryo virulence, although there was high correlation between hemagglutinative activity for chicken erythrocytes and virulence of strains for embryos. Differences in virulence were not related to ability to multiply in the allantoic cavity nor did bacteremia appear to be essential for death of the embryos. Serial passage in eggs failed to alter virulence. Both the route of inoculation and the age of the embryos had a marked effect on the outcome of challenge with strains of varying virulence. The embryos were most susceptible to challenge by the intravenous route. The susceptibility of younger embryos decreased with increasing embryonic maturity, although some reversal of this trend was noted with 19-day embryos. The toxicity of culture filtrates and filtrates of allantoic fluid from infected embryos seemed to be related to strain virulence, suggesting that elaboration and availability of toxic factors may have an important bearing on the lethality of E. coli strains for chick embryos.
Some strains of Escherichia coli are known to cause disease in man (1, 15) . Strains associated with infant diarrhea have been shown (3) to belong to a small number of serological types. However, other laboratory methods have not been successful in demonstrating differences between enteropathogenic and nonenteropathogenic serotypes (11, 13, 14, 17) .
In screening some E. coli strains for virulence for the embryonated egg, Finkelstein and Ransom (8) found some strains to be highly virulent, ' (17) , however, found that when inoculated on the chorioallantoic membrane (CAM), small inocula would kill chick embryos regardless of the strain of E. coli used. There has been little other mention, in the literature, concerning the virulence of E. coli for the chick embryo. The present study was initiated to extend the observations of E. coli virulence in the chick embryo and to evaluate: (i) the relationship, if any, between embryo virulence and enteropathogenic serotypes, (ii) the effect of route E. COLI VIRULENCE FOR CHICK EMBRYOS of inoculation and age of embryos on the "virulence" of the strains, and (iii) the effect of variation among strains on their virulence for the chick embryo, and (iv) to obtain some observations which might relate to the pathogenic mechanisms of E. coli strains for chick embryos. For CAM inoculations, the CAM was dropped by punching one small hole in the shell over the chorioallantois and another at the air-sac end, and applying gentle suction from the air-sac end of the egg. The inoculum (0.1 ml) was then injected onto the dropped membrane through the hole punched in the shell.
MATERIALS
Blood samples. Blood, free from allantoic fluid, was obtained from embryos after removing the shell over the air-sac end. A suitable blood vessel was selected from the exposed membrane and carefully nicked with the point of a scalpel blade while candling. The flowing blood was collected with a capillary pipette.
Hemagglutination test. The test was performed as described previously (6) . A drop of physiological saline was applied with a 3-mm (diameter) bacteriological loop. Sufficient bacterial growth from agar cultures was emulsified in the drop to make a heavy milky suspension. A loopful of washed 3% chicken red blood cells in normal saline was then added, and the slide was tilted back and forth to mix the cells and bacterial suspension. If the test was positive, clumping of the erythrocytes was usually detectable almost immediately by the naked eye with transmitted illumination.
RESULTS
Characterization of the strain. A total of 52 strains was used in the investigation. Of the 52 strains, 11 belonged to serotypes which are regarded as enteropathogenic, and all of these were associated with diarrheal symptomatology. Twenty-four strains could not be typed with the antisera available. Of these, 21 were isolated from cases of frank infant diarrhea. Eight strains were regarded as rough.
Each of the strains was tested for its ability to kill chick embryos after allantoic inoculation of serial 10-or 100-fold dilutions of viable cell suspensions. From the killing patterns which emerged, it was not possible to derive clear-cut LD5 values for each of the strains which could be used as a basis for comparison of virulence, since there was no clear relationship between dose and response. These findings were in contrast to the results of Lankford (10) Table 1 . Thus, strain 6 is representative of the V group, strain 6P of the PV group, and strain 8 was regarded as typical of the AV group.
Of the 52 strains tested, 54% were regarded as AV, 40% were PV, and 6% were considered V ( Table 2) . Of the strains which belonged to enteropathogenic serotypes, one was virulent, three were in the PV class, and seven were essentially avirulent for chick embryos. Of the nonenteropathogenic serotypes, one was V, six were PV, and two were AV. Similar variations in virulence were observed among rough strains and those strains which could not be typed with the antisera available. Thus, there was no clear relationship between embryo virulence and enteropathogenicity.
Relationship between growth in ovo and virulence. It was also considered that the differences in ability to kill chick embryos could be a reflection of the ability of strains to multiply in the allantoic cavity. Accordingly, growth curve studies were performed with strains representative of the three virulence categories. The growth allantoic inoculation of 13-day curves ( Fig. 1) (Fig. 2) . There was, however, a suggestion of some reduction of virulence of strain 6P by selection of isolates from surviving embryos.
On the other hand, there was a highly suggestive correlation between virulence of the strains for the chick embryo and their ability to cause hemagglutination of chicken erythrocytes in slide agglutination tests (Table 3) . Unfortunately, only three strains in the highly virulent category were available for this comparison.
Effect of route of inoculation on virulence. Thirteen-day-old chick embryos were inoculated, in parallel, allantoically, intravenously, and on the CAM with a dilution of a V, PV, and AV strain, to determine the effect of the various EARLY DEATHS routes on virulence (Table 4) . By the intravenous route, all strains were uniformly lethal in 7 hr. The incidence of death after CAM inoculation was also extremely high for all strains, although deaths were not as rapid or uniform as when the intravenous route was employed. By the allantoic route, as was noted previously, there was a marked difference in the killing pattern of the three strains. Both the intravenous and CAM routes of inoculation tended to mask the differences in virulence which were demonstrated by the allantoic route. These results re-emphasize the importance of the route of inoculation used on studies of bacterial virulence for chick embryos. (Fig. 3) indicated that the age of the embryo had a marked effect on the susceptibility to challenge with the three representative strains. The younger embryos were extremely susceptible, whereas the embryos appeared to be most resistant at 16 days. This resistance was noticeably reduced in the later stages of embryo development. The relative position, with regard to virulence of the three strains, was, however, maintained in embryos of all ages tested, but the greatest differences in virulence were manifested in 13-day embryos.
Bacteremia after allantoic inoculation. Attempts were made to determine whether bacteremia was (Table 5) . Thirteen-day embryos were inoculated, allantoically, with representative strains and were killed and bled at intervals. Groups of embryos inoculated in parallel served as virulence controls.
In the first experiment, with the use of a massive inoculum, only 2 of 13 eggs inoculated with the virulent strain 6 gave evidence of bacteremia by 6 hr after inoculation, although 8 of 10 embryos in the control group had already succumbed. No bacteremia was demonstrated after inoculation of the PV and AV strains. In a second experiment, with the use of a moderate inoculum of strain 6, only 3 of 10 eggs exhibited bacteremia at 8 hr, although 8 of 10 control eggs were dead 4 hr later. These results do not support the hypothesis that bacteremia is a prerequisite for death in the chick embryo. If this were so, one would expect a higher proportion of embryos to present positive blood cultures several hours before death.
In additional experiments, embryos were inoculated via the allantoic cavity with approximately 10 bryonic fluids while removing the embryos. In the control group, 75% of the eggs were dead at 9 hr.
Toxicity of heat-killed cells and filtrates for chick embryos. Since there was no apparent relationship between E. coli bacteremia and death, attention was turned to an examination of the toxicity of the whole cells and of their products for chick embryos. Eleven-day embryos have been reported to be more suitable for examination of toxicity of some products (5). Thus, some of the experiments were repeated in 11-day embryos.
A comparison of the toxicity on intravenous inoculation of heat-killed cell suspensions of representative V, PV, and AV strains (Table 6) failed to reveal differences which could account for the marked variation in virulence of the strains for chick embryos.
Chick embryos were also inoculated by the intravenous route with 0.1 ml of dilutions of 18-hr broth culture (Millipore) filtrates. In 13-day embryos, the technique revealed little or no difference between the V and PV strains tested. However, a difference greater than twofold was observed in the toxicity of filtrates from the AV culture as compared with the V culture. In the 11-day embryos, the same filtrates were much more active, and the differences in toxicity were in the same direction as the differences in virulence of the strains. The filtrate of the virulent culture was approximately 3 times as toxic as that from the partially virulent strain and 20 times more active than the filtrates from the avirulent strains.
Comparisons were also made of the toxicity of filtrates of allantoic fluids of eggs infected intravenously with V, PV, and AV strains (Table 6 ). Fluids were collected from representative infected embryos at 8 hr and, in the case of PV-and AVinfected embryos, again at 24 hr, centrifuged, and passed through Miflipore filters. Since the eggs infected with the V strain had already succumbed at 24 hr, filtrates from this group were not included. As was noted with broth culture filtrates, the toxicity of the allantoic fluid filtrates was directly related to the virulence of the infecting strains. The LD,% values of the 8-hr allantoic fluid filtrates of strains infected with V, PV, and AV strains were, respectively, 0.01, 0.078, and >0.1 ml. Later filtrates of PV and AV strains exhibited a similar relationship.
However, when culture filtrates and filtrates of allantoic fluids of infected eggs were inoculated allantoically, large doses failed to kiU 13-day-old chick embryos.
DISCussIoN
This report has shown that differences in virulence of E. coli strains may be demonstrated in the embryonated egg by use of the allantoic route of inoculation. Although the proportion of embryos succumbing did not bear a direct relationship to the size of the dose inoculated, the ability to kill certain percentages of the inoculated eggs showed a reproducible pattern for individual strains. Thus, grouping of strains into categories of virulent, partially virulent, and avirulent according to the percentage of embryos killed seems feasible.
Differences in virulence of strains were best demonstrated in 13-day-old embryos, although differences could also be shown in 8-, 16-, and 19-day-old embryos. The finding of increased susceptibility of 19-day-old embryos was an unexpected one since, as other investigators have reported, resistance to infection tends to become greater as the chick embryo nears full development. Smith and Thomas (16) reported that the 10-day-old embryo is maximally susceptible to intravenous inoculation of endotoxin of several species, and that resistance increased with embryonic development. Finkelstein and Ramm (7), using allantoic inoculation of V. cholerae, reported a similar relationship of age to resistance. They associated the embryo resistance to V. cholerae, in the later development of the egg, to a shift in kidney function from the mesonephros (intermediate kidney) to the metanephros. Embryonic resistance to V. cholerae develops about the 15th day, which parallels the time of cessation of mesonephric function.
Comparison of growth rates of representative strains of the different virulence groups has shown that the differences in virulence are not the consequences of differences in bacterial growth. Cultures from embryos that survived longer than 72 hr revealed equally high counts in eggs infected with virulent, partially virulent, and avirulent strains. Thus, the possibility that fluids of 13-day-old embryos have some inhibitory activity for E. coli strains of lower virulence could be excluded. Attempts to associate death with bacteremia in allantoically inoculated 13-day-old embryos were unsuccessful. However, when strains of E. coli were inoculated intravenously, at small inoculum was 100% lethal within a 7-hr period, regardless of the strain used. Infections initiated via the CAM were also uniformly lethal, although not as rapidly as when the inoculum was administered intravenously. The ability of small inocula of E. coli strains to kill both 13-and 16-day-old embryos when inoculated by these routes suggests that other pathogenic mechanisms may be involved in the mortality of embryos with systemic infection.
The observation that the toxicities of heatkilled cells of V, PV, and AV strains were not markedly different suggested that the reason for the difference in virulence of the strains must lie elsewhere, and it was found that the toxicities of culture filtrates and filtrates of allantoic fluids from infected eggs were directly related to the virulence of the strain for the chick embryos. This suggests that the elaboration and availability of toxic factors may have an important bearing on the lethality of E. coli strains for chick embryos. It remains to be explained why these toxic factors administered by allantoic inoculation failed to kill the embryos.
The highly suggestive correlation between virulence for chick embryos and hemagglutination activity in vitro merits additional consideration and investigation. It has not yet been determined whether hemagglutinins are formed by E. coli in the egg. The observation that only a portion of the embryos succumb to the allantoic infection initiated by the partially virulent strains suggests that chick embryos are not entirely homogenous with regard to their susceptibility. Whether genetic or other factors determine the susceptibility of individual embryos to infection wiih PV strains remains for further study.
This study emphasizes the potential of the chick embryo as a model for studying infection and virulence mechanisms.
